Background {#Sec1}
==========

Down Syndrome (DS) is the most abundant nonlethal chromosomal abnormality in humans, in which all or part of chromosome 21 appears in three copies instead of two. This gene imbalance results in cognitive impairment as well as in moderate to severe negative impacts on physical health \[[@CR1], [@CR2]\]. Since \~90 % of children with DS receive their extra chromosome from their mother \[[@CR3], [@CR4]\], the rates of DS and of other chromosomal abnormalities are known to increase with maternal age in humans \[[@CR5], [@CR6]\].

In humans, there is a reduction of survival of DS babies as compared to healthy ones primarily due to congenital heart disease \[[@CR7]--[@CR9]\]. In fact, most DS embryos will die in the uterus -- previous studies report that the incidence of aneuploidy in spontaneous abortions is larger than 35 % \[[@CR3], [@CR10], [@CR11]\]. They also reported that of the trisomies that can survive to birth, trisomy 21 was the most frequent one with a 2.3 % occurrence rate. However, in live births the occurrence rate of aneuploidy was only 0.3 %, of which trisomy 21 accounted for 0.13 %. Increase of the rate of aneuploidy with maternal age thus enhances the need for uterine selection (both positive and negative). The aging of the uterine may be playing a role in this selection process, as indicated by the approximately two-fold increase in the abortion rate with age \[[@CR12]--[@CR17]\].

It is particularly important to understand uterine selection because the ability to conceive is being extended to women over 50 years of age, with possible implication for IVF and genetic pre-screening \[[@CR12]--[@CR14]\]. At a high maternal age women are encouraged to monitor the health of the fetus through amniocentesis, despite the increase of risk for an abortion. This recommendation is linked to the reported exponential increase in the rate of chromosomal abnormalities with maternal age \[[@CR10]\], but the possibility of higher selection against aneuploidy in older uteruses may affect the risk/benefit analysis of invasive screening procedures.

The origin of aneuploidy is still not fully understood, and several mechanisms play a role \[[@CR18]--[@CR20]\]. The relaxed selection hypothesis postulates that production of aneuploid gametes remains constant with maternal age, but that in utero selection against trisomic embryos decreases \[[@CR21]--[@CR25]\]. This hypothesis was challenged by findings indicating an increase in the likelihood of miscarriages of trisomic embryos with the age of healthy mothers \[[@CR26]--[@CR29]\]. Nevertheless, as the maternal age increases, the rate of aneuploidies in neonatal increases dramatically \[[@CR30]\]. This results from the increment in the probability of meiotic errors with maternal age, which increases the rate of trisomic embryos. Thus, in healthy mothers, the dependence of negative selection against aneuploidies on age may be masked by meiotic errors. A model system in which the a priori probability for aneuploidy is fixed would enable to examine how selection is affected by maternal age. Observing progeny of mothers with aneuploidy (trisomy 21 in our case) fixes the a-priori probability of the aneuploidy at approximately the Mendelian ratio, i.e., at 50 %. We therefore use data from trisomic mothers, mice and human, to address this question.

While DS occurs in humans and not in rodents, several mouse models for DS have been developed for studying this disorder. In mice models for DS some of the genes orthologous to the genes of Homo sapiens (HSA) 21 are present at 3 copies. The Tc1 mouse model \[[@CR31]\] contains a freely segregating human chromosome 21 with about 83 % of the known HSA 21 genes, and it is mosaic, with about 50 % of the cells containing the extra chromosome. The Ts65Dn mouse model \[[@CR32]\] contains an extra translocation chromosome, containing genes from chromosome 16 and 17 of the mouse, and a total of \~65 % of DS genes in trisomy \[[@CR33]\]. Both mouse models exhibit heart defects like human DS \[[@CR34], [@CR35]\]. Both mouse models were shown to perform poorly on various cognitive tasks as Morris water maze \[[@CR31], [@CR36]\]. Both have reduced long-term potentiation \[[@CR31], [@CR37]\]. The Ts65Dn mouse was shown to exhibit increase in inhibition \[[@CR37], [@CR38]\] and developmental delays, and both mouse models have been shown to have alterations in several ionic channel conductions \[[@CR38]\].

In the Tc1 mouse model, the currently reported rate of transmission of the extra chromosome is approximately 40 % \[[@CR31]\]. In the Ts65Dn mouse model an extra translocation chromosome is inherited. It was shown in \[[@CR39]\] that while the extra chromosome in Ts65Dn is transmitted in the expected ratio of 50 % immediately after conception, there is a disproportionate loss of trisomic offspring in late gestation and after birth, similar to human DS \[[@CR11]\]. It was also shown in \[[@CR39]\] that as the Ts65Dn female ages, her litter size decreases and the transmission rate of the trisomy decrease concurrently.

We report here that in the Tc1 mouse model the ratio of trisomic to non-trisomic offspring diminishes with the age of the mother in a very similar distribution to Ts65Dn mothers. By extrapolation to embryonic stage, Tc1 females would also have a similar distribution of the Ts65Dn female, i.e. a 50 % (Mendelian) ratio for transmitting the extra (human) chromosome immediately after conception. Importantly, when we compare to previously reported cases of deliveries of women with DS, we find that a similar phenomenon appears and the probability of a child with DS diminishes with the age of the mother. The dependence of the fraction of trisomic progeny on the age of the mother is thus hypothesized to reflect the reduced fitness of trisomic embryos, who cannot survive the less supportive conditions of the older uterus. Our findings suggest that the observation of this phenomenon in trisomic mice is reproducible, mirrors the trend seen in human pregnancies, and can in the future be studied in these two independent mouse models.

Methods {#Sec2}
=======

All procedures were approved by the Weizmann Institutional Animal Care and Use Committee.

Grouping of sample sets {#Sec3}
-----------------------

Genotyping was performed at one of three times. One group was genotyped at embryonic stage E17 (*n* = 28, 44 respectively for Tc1, Ts65Dn), another group immediately after birth at P0 (*n* = 10, 11 respectively for Tc1, Ts65Dn) and the rest after weaning (*n* = 35, 57 respectively for Tc1, Ts65Dn). In the latter group males were not always kept (*n* = 16, 35 respectively for Tc1, Ts65Dn), and these litters were not used for the analysis of litter size. During gestation females were typically weighed daily and their pregnancy was monitored. In two pregnancies of young Ts65Dn females, the entire progeny was lost after day 17. One young Tc1 and two young Ts65Dn mothers did not wean and the entire progeny was lost. In addition, two Tc1 and two Ts65Dn did not wean some of the pups, and consequently lost 10--20 % of their litter. In total these cases account for less than 6 % of the data and therefore could not have appreciably affected our results. For transmission of trisomy, analysis was performed on two sets of data: 1) litters where the entire progeny was genotyped 2) litters where we know the genotype of the females only (because the males were not kept, the ratio was therefore calculated as the number of trisomic females divided by the number of females in the litter), assuming that trisomy rate has a similar incidence in both male and female population. These two analyses were compared.

Genotyping {#Sec4}
----------

Deoxyribonucleic acid (DNA) was extracted using the Extract-N-Amp Tissue polymerase chain reaction (PCR) kit from Sigma (<http://www.sigmaaldrich.com/life-science/molecular-biology/dna-and-rna-purification/extract-n-amp.html>), for each \~5 mg piece of brain or \~0.5 cm mouse tail. Genotyping of Ts65Dn was done according to the protocol described in \[[@CR40]\]. For Tc1 mice we followed the protocol supplied courtesy of the Fisher lab, which is currently available in the Jackson homepage for genotyping of Tc1 \[[@CR41]\]. An example of genotyping of Tc1 mice can be found in Additional file [1](#MOESM1){ref-type="media"}: Figure S1.

Statistical analysis {#Sec5}
--------------------

The statistics for the human DS females was calculated by dividing the females into 2 age groups (below and above 25). The average age for the first group was 20, and for the second group it was 30. In each age group a score of '1' was given to a DS baby, and a '0' score to a healthy baby. The mean transmission rate for the trisomy 21 for each age group is then the mean of these scores. The standard deviation is similarly the standard deviation of these scores per each age group. The t-test was then performed for statistical significance using:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ t=\frac{\overline{x_1}-\overline{x_2}}{\sqrt{\left(\frac{\left({n}_1-1\right){s}_1^2+\left({n}_2-1\right){s}_2^2}{n_1+\left[{n}_2-2\right]}\right)\left(\frac{1}{n_1}+\frac{1}{n_2}\right)}} $$\end{document}$$

And a *p* value evaluated using *n*~1~ + *n*~2~ -- 2 degrees of freedom.

In the mice population, the females were divided into 2 age groups: below and above 200 days. The average maternal age for the first groups was approximately 130 days and for the second it was 250 days. The transmission probability of each progeny was calculated as the ratio of the number of trisomic pups and the litter size. The statistics for the mice population was performed using a two-sample t-test on the two sets (young and old mothers) of transmission of trisomy probabilities. Rejection of the null hypothesis indicates that the means of the two sets are different from each other. Since the older females have lower fertility, some of the graphs presented were obtained with small n's. \[[@CR42], [@CR43]\] have shown that the t-test holds with a good approximation for n's as low as four. Similarly we performed a t-test between the two maternal age groups on the litter size.

Results {#Sec6}
=======

The probability of trisomic pups in trisomic Tc1 DS model females decreases with age {#Sec7}
------------------------------------------------------------------------------------

We genotyped progeny of 75 Tc1 DS model females and analyzed the rate of the trisomy with respect to the female's age. Maternal age was grouped in one of two groups: below or above 200. In a subset of the data (57 out of the 75 progenies), where the genotypes of all male and female pups were identified, the average probabilities for having a trisomic pup in the two groups were 0.36 ± 0.04 (*n* = 46) for younger females and 0.05 ± 0.05 (*n* = 11) for older females (Total 57 = 46 + 11). The mean maternal age of the two groups was 131 and 253 days (Fig. [1a](#Fig1){ref-type="fig"}). Thus, the probability to transmit the extra chromosome was significantly lower in the group of older trisomic mothers (*p* = 0.0011). When analyzing the entire data set (including the cases in which the genotypes of the male pups were not assayed, total of 75, see [methods](#Sec2){ref-type="sec"}), the rates of transmission of trisomy were similar: 0.37 ± 0.03 (*n* = 59) and 0.04 ± 0.04 (*n* = 16) for the younger and older trisomic mother groups, respectively (*p* = 0.00055) (Total 75 = 59 + 16). The mean maternal age was 128 days and 254 days (Fig. [1b](#Fig1){ref-type="fig"}).Fig. 1Transmission of trisomy reduces with maternal age in Tc1 model mice. **a** Probability of a trisomic pup for females younger than 200 days (*n* = 46) is \~ 10 fold higher than for females older than 200 days (*n* = 11, *p* = 0.0011). The analysis was performed only for litters where the genotype for the entire progeny is known. **b** Probability of a trisomic pup for females younger than 200 days (*n* = 59) is \~ 10 fold higher than for females older than 200 days (*n* = 16, *p* = 0.000055). The analysis was performed for the entire dataset. For some of the dataset only female information exists (see [methods](#Sec2){ref-type="sec"})

Litter size of trisomic Tc1 DS model females decreases with age {#Sec8}
---------------------------------------------------------------

We genotyped progeny of 57 Tc1 DS model females and analyzed the litter size as a function of maternal age (the subset of the data out of the entire 75 for which we had the genotyping of both the male and female pups). Maternal age was grouped in one of two groups: Below or above 200 days with average ages of 131 and 253 days. The average litter size for the younger and older maternal age groups was 4.8 ± 0.4 (*n* = 46) and 2.5 ± 0.4 (*n* = 11), respectively (Fig. [2](#Fig2){ref-type="fig"}). Thus, the litter size of the older trisomic mothers age group was significantly smaller than that of the younger group (*p* = 0.008).Fig. 2Litter size decreases with maternal age in DS model mice. Litter size of females younger than 200 days (*n* = 46) is \~ 2 fold higher than for females older than 200 days (*n* = 11, *p* = 0.0081). The analysis was performed only for litters where the genotype for the entire progeny is known

The probability to have trisomic pups in trisomic Ts65Dn DS model females decreases with age {#Sec9}
--------------------------------------------------------------------------------------------

We genotyped progeny of 112 Ts65Dn DS model females and analyzed the rate of the trisomy with respect to the female's age. Maternal age was grouped in one of two groups: below or above 200. In a subset of the data (77 out of the 112 progenies), where the genotypes of all male and female pups were identified, the average probabilities for having a trisomic pup in two groups were 0.46 ± 0.03 (*n* = 73) for younger females and 0.37 ± 0.14 (*n* = 4) for older females (*p* = 0.52) (Fig. [3a](#Fig3){ref-type="fig"}) (Total 77 = 73 + 4). The average maternal age was 109 days for the younger group and 226 days for the older females. When analyzing the entire data set (including the cases in which the genotypes of the male pups was not assayed, total of 112, see [methods](#Sec2){ref-type="sec"}), the rates of transmission of trisomy probability for the younger trisomic mother were 0.42 ± 0.03 (*n* = 101) for the younger females and 0.14 ± 0.07 (*n* = 11) for the older females, *p* = 0.0029 (Total 112 = 101 + 11). The average maternal age was 110 days and 281 days in the two groups (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Transmission of trisomy reduces with maternal age in Ts65Dn model mice. **a** Probability of a trisomic pup for females younger than 200 days (*n* = 73) and for females older than 200 days (*n* = 4, *p* = 0.52). The analysis was performed only for litters where the genotype for the entire progeny is known. **b** Probability of a trisomic pup for females younger than 200 days (*n* = 101) is \~ 3 fold higher than for females older than 200 days (*n* = 11, *p* = 0.0029). The analysis was performed for the entire dataset. For some of the dataset only female information exists (see [Methods](#Sec2){ref-type="sec"})

Litter size in trisomic Ts65Dn DS model females decrease with age {#Sec10}
-----------------------------------------------------------------

We genotyped progeny of 77 Ts65Dn DS model females and analyzed the litter size as a function of maternal age (the subset of the data out of the entire 112, for which we had the genotyping of both the male and female pups). Maternal age was grouped in one of two age groups: below or above 200 days with average ages of 109 and 226 days. The average litter sizes for the younger and older maternal age groups were 5 ± 0.3 (*n* = 73) and 2.8 ± 0.3 (*n* = 4), respectively (Fig. [4](#Fig4){ref-type="fig"}). Thus, the older age group of trisomic mothers exhibited significantly smaller litter sizes (*p* = 0.0213).Fig. 4Litter size decreases with maternal age in DS model mice. Litter size of females younger than 200 days (*n* = 73) is \~ 2 fold higher than for females older than 200 days (*n* = 4, *p* = 0.0213). The analysis was performed only for litters where the genotype for the entire progeny is known

Women with DS become less likely to deliver a DS child with increased age {#Sec11}
-------------------------------------------------------------------------

We calculated the rate of DS (trisomy 21) babies as a function of maternal age in *n* = 30 reported cases of DS mother deliveries \[[@CR44]--[@CR50]\].

The dataset we analyzed included DS mothers of ages 17--35 years. We divided these cases to two age groups: less than 25 and 25 and above. Figure [5](#Fig5){ref-type="fig"} shows the frequency of trisomy 21 babies in each of the age groups (with average maternal ages of 20 and 30 years). The transmission rates in the younger and older age groups were 0.47 ± 0.12 (*n* = 17) and 0.17 ± 0.11 (*n* = 13), respectively, *p* value = 0.042. Our analysis suggests that the probability of delivering a DS trisomic baby by a DS mother decreases with maternal age by approximately 3 fold.Fig. 5Analysis of previously reported cases of Down syndrome women reveals a lower probability for a baby with DS as the mother ages. *N* = 30 cases of Down syndrome mothers were analyzed in two age groups: above and below 25 years of age. For DS mothers with an average age of 20 the probability for having a DS child is approximately 3 times higher than for women with an average age of 30 (*p* = 0.042)

Mouse vs. human mothers {#Sec12}
-----------------------

Figure [6](#Fig6){ref-type="fig"} compares data from human DS mothers and mouse DS models, divided to 4 and 7 age groups, respectively. Figure [6a](#Fig6){ref-type="fig"} shows that the trisomy transmission rate falls similarly for both DS mice models from 0.43 ± 0.06 in 75 days old females to \~0 for females older than 300 days. Figure [6b](#Fig6){ref-type="fig"} shows that the data from human DS mothers mirrors this trend. The frequency of trisomy 21 babies as a function of maternal age falls from 0.4 ± 0.19 in the 17.5 years age group to 0 in the 32.5 years age group. We therefore suggest the two DS model mice as a model organism in which the trend of in-uterus selection against trisomy 21 embryos can be studied. This presents a new toolset with which this question can be addressed.Fig. 6A gradual decrease in probability to transmit trisomy to offspring with maternal age is seen both in DS model mice and in DS women. **a** Maternal age in DS model mice was grouped into bins of 45 days. A gradual and similar decrease in the probability to transmit the trisomy with maternal age is seen for both Tc1 and Ts65Dn model mice. **b** Maternal age in human DS was grouped into 4 bins of 5 years groups. Similar to the mice, a gradual decrease in the probability to transmit trisomy with maternal age is evident

Discussion {#Sec13}
==========

Both Ts65Dn and Tc1 DS mouse models have reduced fertility when compared to WT mice. The rate of conceptions to mating reduces drastically with maternal age. We approximate the rate to be \~1:3 in younger females (\~3 months old) and as the female ages the rate reduces to approximately 1:10 (in a female \~8 months old). The litter size is smaller than the WT litter size and as shown here also reduces with maternal age. We show that older females with DS exhibit a significantly reduced chance of giving birth to offspring with DS.

Litter size in mice is known to decrease with maternal age. For example, in \[[@CR51], [@CR52]\] it was reported that in Bj44Gy mice a young female has an average litter size of \~7 pups, while a 9--10 months old female has an average litter size of less than 3. One possible cause for the decrease in litter size is an increased rate of mutations with increasing maternal age, which enhances the chances of producing unviable embryos. Another possibility is that the uterus of older females provides a less supportive environment. The answer provided in \[[@CR51]\] leans towards the second possibility, showing that although the anomalous embryo rate does go up from 4.8 % in young females (2--7 months old) to 12.1 % in old ones (8--12 months old), this still does not explain the drastic reduction in litter size. Finn \[[@CR13]\] also supports the reduction in progeny size to be related to lack of supportive environment in the old uterus. Transplantation of embryos into young or old hosts was used \[[@CR52]\] to show that only 14 % of transplantation in old females survived to term while 48 % survived in young females, suggesting that older females do indeed have a less favorable uterine environment.

These results point at an interesting balance of competing pressures that together determine the ratio of DS births in healthy human females as they age. On one hand the number of aneuploidies in the gamete rises with age \[[@CR5], [@CR11], [@CR53]\]. On the other hand, healthy gametes and embryos are strongly selected \[[@CR10], [@CR11]\]. Less favorable conditions in the older uterus may negatively impact the survival of less fit embryos, but this was not directly demonstrated before. Observing the progeny of DS women and of DS model female mice allows the isolation of the negative selection of the older uterus on the survival of DS babies or trisomic pups. When the female is healthy there is an a-priori higher chance for trisomy as the female ages due to meiotic errors, but the use of DS trisomic females (both mice and women) gives a fixed a-priory chance of \~50 % for a trisomic embryo irrespective of age. Thus the rate of trisomy may predominantly depend on the survival of these embryos in the uterus.

In addition to uterine selection, one should consider the possibility that the increase in rate of chromosomal abnormalities with maternal age may preferentially impact the survival of trisomic embryos. However, the change in spontaneous rate for anomalous mouse embryo for older females is less than 10 % \[[@CR53]\]. In humans we can estimate an upper bound for the possible effect by noting that the rate of aneuploidy is reported to increase from about 3--15 % in young mothers to about 30 % in older ones \[[@CR10], [@CR54], [@CR55]\]. Of these genetic anomalies more than 90 % are lethal even on a normal genetic background \[[@CR54], [@CR56]\]. To the best of our knowledge, these additional abnormalities are statistically independent of the inherited genetic background of the embryo. Thus, when considering how the fraction of live DS offspring changes with the age of a DS mother, even under the strictest of assumptions the maximal effect of an additional aneuploidy is minuscule (about 20 fold smaller than the three fold change we observe). Indeed, the design of our experiment ensures that the dominant genetic pathology in the offspring is the DS one. These considerations lead us to favor the possibility of uterine selection against DS offspring over an effect of additional aneuploidy. Our study, however, does not identify the time point of gestation at which the DS offspring are lost.

Collectively, previous findings and ours demonstrate that in rodents and in humans age is negatively correlated with the survival of trisomic progeny. In Tc1 and Ts65Dn DS model mice females, both the litter size and the probability to produce trisomic pups decrease with age. Interestingly, E9.5 Ts65Dn embryos exhibit the expected Mendelian ratio of DS positive embryos \[[@CR20]\], but older DS positive embryos and pups are lost at a higher rate than euploid ones. The similar distributions we show for the rate of trisomy as a function of maternal age (Fig. [6a](#Fig6){ref-type="fig"}), suggest that the extrapolation to embryonic phase would give a similar distribution for Tc1 females as was shown in \[[@CR39]\] for Ts65Dn females, i.e. a Mendelian distribution for inheritance of the extra chromosome. Comparing to Fig. [6b](#Fig6){ref-type="fig"} for women suggests that these rates can be used to model the corresponding rates in a human population. In particular, DS women likely have an approximately Mendelian distribution of transmitting the extra human 21 chromosome to their babies. The similarities between the mice and human distributions offer a tool for measurement of selective pressure against trisomic progeny.

Conclusions {#Sec14}
===========

We have shown that in two completely genetically different Down syndrome mouse models, the trisomic female has a significantly reduced probability of having viable Down syndrome pups with increasing age. An analysis of reported case studies of Down syndrome human mothers shows similarly a significantly reduced probability of delivering a baby with Down syndrome as the mother ages. These results are a strong indication of increased *in-utero* selection against Down syndrome offspring with increased maternal age. The study of trisomic mothers allows observation of this selection mechanism against the trisomic offspring, since for diploid females, it is masked by the large increase in meiotic errors with maternal age.
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